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The evolution of a W, Au-Ag-Te and Au-Ag hydrothermal system, Tinos Island, 
Cyclades, Greece 
Abstract 
At Tinos Island, Greece, the physicochemical evolution of the hydrothermal system and the associated 
stages of metallic mineralization that are developed in the vicinity of the Tinos granodiorite-leucogranite 
has been studied, based on fluid inclusion studies and chemical reactions modeling. Early tungsten 
mineraliozation was related to the metasomatic stage of contact metamorphism and precipitated at ~ 
350oC, from moderate saline (10.4 to 14.8 wt% NaCl eq.), CO2- effervescing fluids, that contained variable 
amounts of CaCl2 and MgCl2. Panormos Bay Au-Ag-Te mineralization, located 16 km away from the 
intrusive site, was deposited from cooler 200° to 300oC, and low to moderate saline (0.2 to 13.2 wt% NaCl 
eq.) mineralizing fluids. Au-Ag mineralization at Apigania Bay, which represents a late evolutionary phase, 
was deposited from even cooler (125o to 235oC) and dilute (0.2 to 6.8 wt % NaCl eq.) fluids. In all, the 
mineralization stage precipitation was controlled by two principal factors: the exsolution of gaseous 
phase and an increase in pH from 3.3 to 7.6. 
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A BSTR A C T: A t Tinos Island, G reece, the physicochem ical evolution  o f  the hydrothermal system  
and the associated  stages o f m etallic m ineralization that are d eveloped  in the vicin ity  o f the T inos 
granodiorite-leucogranite has been studied, based on fluid inclusion  studies and chem ical reactions 
m odeling. Early tungsten mineraliozation w as related to the m etasom atic stage o f  contact m etam or­
phism  and precipitated at ~  3 50oC, from moderate saline (10 .4  to 14.8 wt% N aC l eq.), CO 2- 
effervescing fluids, that contained variable amounts o f  CaCl2 and M gC l2. Panorm os B ay A u-A g-T e  
m ineralization, located 16 km away from the intrusive site, w as deposited from cooler 200° to 
30 0 oC, and lo w  to moderate saline (0 .2  to 13.2 wt% N aC l eq.) m ineralizing fluids. A u -A g m inerali­
zation at A pigania B ay, w hich  represents a late evolutionary phase, w as deposited from even cooler  
(1 2 5 o to 2 3 5 oC) and dilute (0 .2  to 6.8 w t % N aC l eq.) fluids. In all, the m ineralization stage precipi­
tation w as controlled by tw o principal factors: the exsolution  o f  gaseous phase and an increase in 
pH from 3.3 to 7.6
K EY W O R D S: Tungsten, G old-silver-tellurium , G old-silver-bearing m ineralization, Skarn, 
Panorm os B ay, A pigania B ay, Tinos, Greece
1 IN TR O D U C TIO N
U nexploited  tungsten-m olybdenum  m iner­
alization occurs w ithin  the contact aureole o f  
the syntectonic calc-alkaline T inos intrusion, 
and m ay be genetically  related to gold-silver  
telluride m ineralization at Panorm os B ay, and 
gold-silver m ineralization at A pigania B ay, Ti- 
nos Island, G reece. In this study, detailed in ves­
tigations o f  paragenetic and fluid inclusions  
characteristics have been conducted to con­
strain the evolution  and provenance o f  the m in­
eralizing flu ids at the three localities.
2 G EOLO G ICAL SETTING
The tectonic stratigraphy at T inos consists o f  
a series o f  stacked nappes cut by a M iocene  
pluton (M elidonis, 1980). The low est o f  these  
nappes, the B asal Unit, consists o f  a platform o f  
late Triassic to late Cretaceous neritic carbonate 
rocks. This unit is overlain by the Intermediate 
nappe or B luesch ist Unit, a package o f
tholeiitic m afic to fe ls ic  vo lcan ic rocks and as­
sociated m etasedim ents m etam orphosed to  
blueschist facies (40-50  M a), and subsequently  
retrograded to greenschist facies (c a . ~  25 M a) 
(A ndriessen et al., 1987). O verlying this are the 
klippen o f  the Upper Unit, w hich  represent an­
cient oceanic crust m etam orphosed to green- 
schist facies that w as em placed at ~  18 M a (A n- 
driessen e t al., 1987). The Tinos pluton w as 
intruded syntectonically, and displays thermal- 
tectonic contacts w ith  the B luesch ist and Upper 
U nits (Mastrakas, 2007).
3 TINO S PLUTO NIC RO CK S, C O NTACT  
A U R EO L E  A N D  SK A R N S
The M iocene Tinos pluton consists o f  a cen­
tral body o f  I-type biotite-hornblende granodio- 
rite that w as em placed at c a . 17 M a (Altherr et 
al., 1982) under com pression (M astrakas and 
St. Seym our, 2000). A n S-type leucogranite  
w ith the assem blage biotite-m uscovite-garnet-
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tourm aline w as em placed peripherally to the 
granodiorite, and also as sills at shallow  leve ls  
in an extensional regim e (M astrakas & St. 
Seym our, 2000). The age o f  em placem ent o f  
the leucogranite has been determined as ca. 14 
M a (K -A r ages, Altherr et al., 1982). The gen e­
sis o f  the granodiorite m agm a is attributed to 
partial m elting o f  m afic low er crustal rocks, 
w hereas the leucogranite m elt w ith  m elt contri­
bution from the granodiorite represents a hybrid 
partial m elt consisting m ainly o f  m etasedim en­
tary country rock. G eobarotherm om etric studies 
indicate that the granodiorite w as em placed at a 
temperature range o f  750° to 800°C  and at pres­
sures o f  ~  4 .7  kbars, whereas the leucogranite 
w as em placed ca. 680°C  and at ~  2 kbars (M as- 
trakas, 2007). The latter experienced intense  
retrograde boiling  as evidenced by num erous 
m iarolitic cavities. The T inos pluton caused  
contact m etam orphism  at ca. 14 M a (Brocker et 
al., 1993). A  discontinuous scapolite zone is 
surrounded su ccessive ly  by pyroxene-, horn­
blende-, albite- and epidote-hornfels zones  
(M astrakas, 2007).
Skarn rocks are developed  w ithin am phibo­
lite schists and marbles o f  the B luesch ist Unit, 
and outcrop as podiform , lensoid  and vein -like  
bodies and m ainly as an exoskarn near marble- 
am phibolite schist contacts. In general, skarns 
are spatially related to leucogranite apophyses 
and aplitic stockworks. Skarns consist pre­
dom inantly o f  garnet and clinopyroxene. H orn­
blende replaced clinopyroxene and grew  in 
open spaces w ith  calcite, quartz, feldspar, ti- 
tanite and epidote. A ccessory  m inerals include  
apatite, tourm aline, allanite and w ollastonite, 
locally , in the marbles. Application o f  the py­
roxene-garnet geotherm om eter o f  Patti son & 
N ew ton  (1989) to pyroxene-garnet skarn rocks 
gave non-equilibrium  results, w ith  frequency  
peaks occurring at 680°, 550°C  (attributed to an 
early contact m etam orphic therm al-isochem ical 
stage); and a number o f  values betw een 375°  
and 320° C (related to a late infiltration m e­
tasom atism  event, w hich  occurred at pressures 
o f  <  500bars; Mastrakas, 2007).
4 ORES A SSO C IA T E D  W ITH  THE TINOS  
PL U T O N
4.1. Scheelite M ineralization
Tungsten m ineralization is hosted in skarns 
and hornfelses. Scheelite occurs as dissem ina­
tions and m ainly as m assive aggregates in d is­
continuous zones, up to 30 cm  w ide, sub­
parallel to the schistosity, particularly in silic i- 
fied-carbonatized zones or as residual crusts on 
fractures. Scheelite m ineralization, w hich  
m akes up to 20 vol. % o f  the skarn, occurs in 
garnet-pyroxene skarns (grossular-rich grandite 
coexisting w ith hedenbergite during the contact 
m etam orphic ep isode evolved  to andratite-rich 
oscillatory zoned garnet coexisting w ith salite- 
diopside) containing m agnetite, chalcopyrite, 
pyrrhotite, pyrite and lesser sphalerite. Open  
spaces in the skarn are locally  filled  w ith cal- 
cite, apatite, hornblende, chlorite, titanite, 
quartz, feldspar, m olybdenite and scheelite. 
Scheelite deposition w as likely  controlled by 
the reaction:
CaCO3(s) +  H2WO40(aq) =
CaWO4(s) +  H 2O(p +  CO2(g) (1)
4.2. P anorm os B ay  m inera lized  vein system
The Panorm os B ay m ineralized vein  system  is 
hosted in marbles o f  the Basal and B luesch ist 
U nits and consists o f  30 subparallel steeply dip­
ping banded, syntaxial stockworks o f  quartz 
veins. M arble units are intruded by tw o genera­
tions o f  veins, an older, northeasterly-trending 
set o f  m ilky quartz vein s and a younger group 
o f  northwesterly trending clear quartz veins.
Alteration haloes form ed as concentric shells 
and planar bodies that envelope m ilky and clear 
quartz veins. B luesch ist U nit marbles develop  
assem blages com posed o f  m uscovite, albite and 
tourm aline, w hereas alteration haloes in dolo- 
m itic marbles o f  the B asal unit consist o f  tw o  
su ccessive zones: an inner talc zone  and an 
outer chlorite zone. Talc zon es are character­
ized  by an assem blage o f  m ilky quartz, talc, 
calcite, brucite, m uscovite, and albite. Chlorite 
zones consist o f  major clear and m inor m ilky  
quartz, chlorite, epidote, m uscovite, albite and 
barite. Form ation o f  talc-brucite-calcite is in ­
terpreted to have been controlled by the reac­
tion:
CaMg(CO3)2(s) +  4SiO2(aq) +  2M g+2 + 3H 2O(l) =  
Mg3Si4O10(OH)2(s) +  CaCO3(s) +  CO2(g) +  4H+
(2)
Seventy m etallic and gangue minerals, in ­
cluding C u-cervelleite and an unnamed A g-A u- 
Cu sulphotelluride w ere identified. E ight par- 
agenetic stages o f  hypogene mineralization
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w ith the assem blages: pyrite, arsenopyrite, pyr- 
rhotite (Stage I); tetrahedrite, tennantite, gold- 
field ite (Stage II); bornite, chalcopyrite (Stage  
III); Sn sulphides, sulphosalts o f  A s and Sb and 
arsenides o f  N i or Co (Stage IV); tellurides 
(Stage V); galena, betekhtinite, argentite (Stage
V I) ; wurtzite, greenockite, sm ithsonite (Stage
V II) ; native gold, silver, copper, arsenic, 
stromeyerite, pyrargyrite (Stage VIII) w ere fo l­
low ed  by supergene m ineralization (stage IX) 
(Tom bros e t al., 2004 , 2005). Precipitation o f  
A g-, and A u- tellurides w as likely  associated  
w ith reactions (3) and (4), whereas native pre­
cious m etals w ere deposited by reactions (5) 
and (6):
2 A g ( H S)-2 +  H T e-(aq) =
4H S -(aq) +  Ag2Te(s) +  H+(aq)
(3)
A u(H S)-2(aq) +  2H T e-(aq) +  0.75O2(g) +  H+(aq)= 
2H S -(aq) +  A uT e2(s) +  1.5H2O(l) (4)
0.5H2O(l) +  A u(H S)-2(aq) =
Au(s) +  2H S -(aq) +  H+(aq) +  0.25O2(g) (5)
A g(H S )-2+aq) +  0.5H2O(l) =
Ag(s) +  H  (aq) +  2H S -(aq) +  0.25O2(g) (6)
4.3. A p igania  B ay m inera lized  vein system
The A pigania B ay vein  system  is hosted in 
marbles, b lueschists, greenschists, am phibolites 
and ultram afics o f  the B luesch ist U nit (Tom - 
bros, 2001); and consists o f  fiv e  high-angle  
quartz veins, w h ich  bear considerable resem ­
blance to vein s at Panorm os B ay. A lteration ha­
loes com prise an inner epidote zone  and an 
outer chlorite zone. The epidote zone is a ssoci­
ated w ith m ilky quartz, albite, m uscovite and 
ankerite, w hereas the chlorite zone contains 
clear and m inor m ilky quartz, chlorite, calcite, 
albite and m uscovite.
There are three paragenetic stages o f  hy- 
pogene mineralization: pyrite, sphalerite, pyr- 
rhotite, arsenopyrite, m agnetite, argentite, elec- 
trum, stephanite, xanthoconite, proustite, 
canfieldite (Stage I); tetrahedrite, fam atinite, 
chalcopyrite, ram m elsbergite, laggisite, cas- 
siterite (Stage II); and galena, argentite- 
acanthite, polybasite, electrum, argentopyrite 
(Stage III). A  supergene stage (Stage IV ) fo l­
low s the hypogene stages (Tom bros &  St. 
Seym our, 1998). Electrum  precipitation in 
Stages I and III w as controlled by reaction (7):
0.5H2O(l) +  0.7Au(HS)-2(aq) +  0.3Ag(HS)-2(aq) =  
Au0.7Ag0.3(s) +  2HS"(aq) +  H+(aq) +  0.2502(g) (7)
5 FL U ID  IN C L U SIO N  STUDIES
M icrotherm om etric m easurem ents w ere  
m ade in the Laboratory o f  H igh Temperature 
P rocesses at the Departm ent o f  Earth and 
Planetary Sciences o f  M cG ill U niversity. T em ­
peratures w ere measured w ith an alum el- 
chrom el therm ocouple, and the readings w ere  
calibrated w ith synthetic inclusions. M easure­
m ents are accurate to w ithin  ±  1oC. M icrother­
m om etric data w ere reduced using the FLIN- 
CO R software (Brown, 1989).
A t room temperature, fluid inclusions w ere  
classified  into three types based on the number 
and proportion o f  phases: (i) L -V  inclusions 
predominate, and consist o f  aqueous liquid +  
vapor (< 25 vol. %). They contain no solids, 
whereas formation o f  gas hydrates w as ob­
served during freezing and these h om ogen ize to 
liquid upon heating, (ii) V -L  inclusions w ith  ir­
regular shapes and consisting o f  aqueous liquid  
+ vapour (up to 80 vol. %). The V -L  inclusions  
are primary, infrequently observed and ho­
m ogenize to the vapor phase upon heating, and 
(iii) L -L -V  inclusions consist o f  aqueous liquid  
+ carbon dioxide liquid +  vapor. Form ation o f  
gas hydrates w as observed in som e o f  the L-L- 
V  inclusions during freezing.
L -L -V  primary fluid inclusions (~5 % o f  in ­
clusion  population) occur in m ilky quartz 
vein lets cross cutting garnet cores from the 
skarn, and in m ilky quartz and calcite from  
Panorm os B ay. V -L  primary inclusions occur in 
scheelite and m ilky quartz vein lets, sm oky and 
m ilky quartz and calcite from Panorm os B ay  
m ineralization. L -V  primary, pseudosecondary  
and secondary inclusions are located in all three 
m ineralizations.
The temperatures o f  last m elting o f  ice  (Tm- 
ice) and clathrates (Tm_dathrate) o f  the L -V , V -L  
and L -L -V  inclusions, in scheelite and associ­
ated m ilky quartz vary from -10.4° to -10 .2 oC 
and 0 .7 o to 5 .7oC, respectively. These values 
correspond to salinities o f  10.4 to 14.8 wt%  
NaCl equivalent, using the equations o f  Brow n
6  Lamb (1989) and Darling (1991). The ho­
m ogenization  temperatures (Th) o f  these inclu­
sions vary from 31 5 o to 400  oC. The Tm.ice and 
Tm-ckthrate values for fluid inclusions in sm oky  
quartz range from -6 .6o to -5 .7 oC and 6 .7o to 
7 .7oC, respectively, corresponding to salinities
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o f  4 .5 to 6.8 wt% N aC l equivalent, whereas the 
Th values range from 2 8 1 o to 320°C.
A t Panorm os B ay, the Tm_ice and Tm-clathrate 
values o f  fluid inclusions in m ilky vein  and 
clear quartz range from -4.4° to -2.3°C, 7.7° to 
8 .5oC, and -4 .1o to -2 .0oC, 8 .8o to 9 .6oC corre­
sponding to salinities o f  1.1 to 7.9 and 0.8 to
5.6 wt% N aC l equivalent. The Th values o f  in ­
clusions range from 2 4 5 o to 2 9 2 oC and 198o to 
2 5 3 oC, respectively. A t A pigania B ay the Tm-ice 
values o f  fluid inclusions in m ilky vein  and 
clear quartz range from -4 .3o to -0 .4oC, and - 
3 .6 o to -0.1 oC, respectively, corresponding to 
salinities o f  3.0 to 6.8 and 0 .2  to 5.5 wt% N aC l 
equivalent. The Th values range from 173o to  
2 3 5 oC and 125o to 168oC, respectively.
6 D ISC U SSIO N
B ased  on results derived from reactions 1 to 
7, it is likely  that precipitated the m ineraliza­
tions ore deposition on T inos Island w ere con ­
trolled by pH, CO2-effervescence, depletion o f  
H 2S, and changes in the oxidation state o f  the 
ore fluid. E ffervescence o f  CO2 causes a sharp 
increase in pH, w hich  in turn destabilizes the 
tungsten and precious m etal-bearing com ­
plexes. This suggests that the deposition o f  
scheelite, A u -A g tellurides and native precious 
m etals and electrum  w as due to phase separa­
tion related to CO2-effervescence. The escape  
o f  vo latiles neutralized the pH o f  the m ineraliz­
ing fluid from 3.3 at 4 0 0 oC to 4 .6  at 3 00oC, 5.7  
at 2 5 0 oC and 6.5 at 2 0 0 oC for the Panorm os 
B ay ores and from 6.9 at 2 0 0 oC to 7.6 at 150oC 
at A pigania B ay (Tom bros, 2001). In conclu­
sion, W , A u -A g-T e and A u -A g ore deposition  
w as predominantly controlled by gaseous phase 
separation, w hich  resulted in pH neutralization.
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